To date, Korea has built four 1000 MW gross-power ultra-critical coal-fired power plants.
Introduction
South Korea is facing major difficulties in meeting the ever-growing electricity needs of their population [1] . While worldwide increases in environmental regulations have led nations to consider nuclear and alternative power generation sources, these energy sources have not yet gained the necessary efficiencies to be a country's sole-source supply of energy [1] . Therefore, nations are looking to traditional electrical power plants with increased efficiencies to meet their electricity demands [1] . In fulfilment of this need, construction on ultra-critical 1000 MW coal-fired electrical power plants have begun worldwide throughout the last decade [2] . A power plant is considered ultra-critical when it operates at a minimum pressure of 30 MPA and temperature 610 • C [3] . Increasing the temperature and pressure of these systems improves efficiency of the power plants, equating to a reduction in the emission of carbon dioxide, a greenhouse gas. Thus, ultra-critical power plants are both more efficient and eco-friendlier than the more traditional subcritical or supercritical power plants [3] .
As the next evolution of coal-fired power plants, ultra-critical power generation has been a focus of multiple research endeavors. Existing literature has focused on the material engineering challenges [4, 5] , operational efficiencies [5] [6] [7] [8] [9] , financial assessments [10] [11] [12] [13] , and environmental efficiencies [14] [15] [16] of ultra-critical power plants. A majority of these publications have covered the engineering, design, and operational portions of a power plant's life-cycle, but often neglect the construction phase (discussed in greater detail in Section 1.1). This represents a significant literature gap as the construction phase of ultra-critical power plants can be upwards of $3B USD [13] . This study aimed to fill this research gap by investigating the construction duration of ultra-critical power plants; collecting data from four ultra-critical and five super-critical coal-fired power plants, and ten subject matter experts concerning major schedule and risk factors. The Program Evaluation Review Technique/Critical Path Method (PERT/CPM) and Monte Carlo simulation were used to analyze the data in an attempt to incorporate activity duration uncertainty. A discussion of the existing literature within the field of ultra-critical power plants and PERT/CPM analyses are summarized below.
Coal-Fired Power Generation Existing Literature
Running ultra-critical power plants at such extreme pressures and temperatures for long durations places significant strain on the equipment materials, specifically the boiler and turbines, and requires specialized operational procedures [4] . As such, the design, material, fuel consumption, and overall operability of ultra-critical power plants have been a common focus within existing literature [3, [5] [6] [7] [8] [9] . Tumanovskii et al. [3] outlines an overview of the energy solutions that have developed to allow the existence of ultra-critical power plants, focusing on the extreme steam conditions' correlation to increased efficiency and the need for more resilient machinery materials. Di Gianfrancesco [5] and Zhang [6] went a step further in their books, focusing on the engineering, operation, materials, and performance of ultra-critical coal power plants. These publications contain no research methods, but present design and operational procedures and best practices for industry [5, 6] .
Starkloff et al. [7] investigated how coal-fired systems will handle malfunction cases, simulating a plant blackout. Through the developed model, they were able to create an optimized master fuel trip scenario which minimizes any impact a blackout scenario may have on the operational processes. Hou et al. [2] went beyond identifying operational practices, presenting a model with the capability of optimization. The model presented more accurately predicts the multi-variable coordinated control system (CCS) of an ultra-critical coal-fired power plant, which control the boiler and turbine operations. Hou et al.'s nonlinear model was found to have a great approximation capability to represent the CCS, with the future potential to optimize the overall ultra-critical power plant control and operations [2] .
Stępczyńska et al. [8] discussed design solutions to improve the overall efficiency of an ultra-critical coal-fired power plant. They proposed the application of a double steam reheat, finding an improvement to power unit efficiency of 1.1% [8] . Bugge et al. [9] presented the potential futures of coal-fired power plants, discussing steam conditions with temperatures upwards of 700 • C. They theorized that a 700 • C steam power plant, in combination with biomass, could reduce greenhouse gas emissions by as much as 40% [9] . Concerning this benefit of decreased greenhouse gas emissions, Lim et al. [14] found that coal generates two times more carbon dioxide than natural guess. From a survey of South Korean homeowners, they found that the general populous would support the associated increase in cost to change from coal-fired to natural gas power production [14] . While this is an interesting study proposing the decrease in coal-fired power generation in the future, it does not consider political or economic factors promoting the private and public industries in pursuing coal-fired power plants. In contrast to Lim et al.'s [14] findings, Yan et al. [15] and Fan et al. [16] discussed the energy-related carbon dioxide emission driving factors and presented ultra-critical coal-fired power generation as "the most convenient solution to address carbon dioxide mitigation".
Although the above operational and environmental advantages of ultra-critical power plants have been cited, there is still an enormous cost to build and operate such a plant [13] . As such, there has also been literature dedicated to financial viability assessments of ultra-critical power plant investments [10] [11] [12] [13] . Hong and Lee [10] presented a flexible design methodology that aids decision makers to maximize their life-cycle profitability. By integrating equipment costs into early design decision making, they estimated a potential life-cycle savings of $1.24M USD, net present value. Alternatively, Phillips and Wheeldon [11] compared the life-cycle costs of subcritical, super critical, and ultra-critical power plants, finding the ultra-critical power plant to be a slightly more expensive option if greenhouse gas emission charges were ignored. However, with the inclusion of carbon taxes, the ultra-critical power plants become economically viable [11] .
The above represents all literature concerning ultra-critical power plants found by the authors through an extensive literature review. As can be seen, there are no academic publications that discuss the construction process, equating to a significant gap in the existing body of knowledge. There does exist at least two reports developed by private entities concerning the ultra-critical coal-fired power plant construction process. Hasler et al. [13] developed a report for the US Environmental Protection Agency, providing a comprehensive explanation of the performance and cost estimations of new coal-fired power plants, including ultra-critical power plants. While the document provides decision-makers with early planning cost estimates, it lacks any detailed discussion on project scheduling. All discussions of scheduling within the document are limited to overall project duration [13] . The second private report was performed by Kyushu Electric Power Co. (Fukuoka Prefecture, Japan) [12] . They performed a case study on the construction of an ultra-critical coal-fired power plant built in Bac Lieu, Vietnam. Their findings included an evaluation of the environmental, social, economic, and scheduling impacts of the construction process. While informative, much of the information was at a high-level, not meant to provide aid to power plant decision makers. The scheduling section was especially brief, with the construction and installation work being reduced to a single line item [12] .
As shown above, even when considering non-academic, publicly-available documents, there is a gap in the general body of knowledge concerning ultra-critical coal-fired power plant scheduling. This gap is of importance, as studies have found that planning and schedule deficiencies have the highest impact on cost performance [17] and are one of the most significant factors impacting delays [18, 19] . This paper, therefore, seeks to fill this gap by investigating the schedule duration of ultra-critical power plants at an activity-level, including an assessment of areas of risks and their priorities. To attain this goal, the authors chose the PERT/CPM scheduling technique as a means to assess the acquired scheduling data, defended and described within the next section.
The Use of PERT/CPM and Uncertainty in Construction Literature
Based on a 2006 survey of US constructors and owners, nearly all contractors believed that there was an economic benefit to using the CPM method to calculate and monitor their schedules. They cited improved planning prior to work beginning and improved scheduling as the top advantage of CPM [20] . In an international study, contractor respondents cited CPM scheduling as a method of improving project performance monitoring and control [21] . As this study aimed to provide contractors and owners with a better understanding of the ultra-critical power plant duration, CPM scheduling is an apt tool for data analysis. Including the PERT analysis allows for the inclusion of uncertainty and risk analysis, another goal of this research [22] . Furthermore, the PERT/CPM scheduling method has been previously used within literature to perform tasks similar to those performed for this paper's research: estimate project duration uncertainty for three-span bridge projects [23] , perform risk assessment in construction schedules [24] , calculate footbridge construction project duration [25] , and calculate fast/accurate risk evaluations for scheduling of large-scale construction projects [26] . PERT analysis' main limitation cited within literature is that it focuses on the critical path, potentially ignoring schedule-impacting uncertainties and risks in the non-critical path [27] .
Point of Departure
As described and defended above, existing literature has not presented a schedule for the ultra-critical power plant construction process representing a gap within the existing body of knowledge. This research builds off of Kyushu Electric Power Co. [12] and Hasler et al. [13] reports on the construction processes of ultra-critical power plants. While they present thorough examples of Energies 2018, 11, 2850 4 of 15 ultra-critical power plant expected construction cost, they lack detailed discussions on construction scheduling. Creating a 1000 MW ultra-critical coal-fired power plant's schedule is a challenge as there are very few ultra-critical coal-fired power plants worldwide [28] . As such, to fill this gap, the authors collected construction scheduling data from all four of Korea's ultra-critical coal-fired power plants, five of the most recent super-critical coal-fired power plants [28] , and ten subject matter experts to develop a construction schedule using the PERT/CPM method.
Materials and Methods

Data Collection
To develop the baseline construction schedule of coal-fired power plants, the authors performed case studies on four 1000 MW ultra-critical coal-fired power plants executed in Korea. Data collected from these projects included scheduling and risk factors. The four plants used for this study, their capacity, and planned versus actual construction durations are shown in Table 1 . The above case studies are apt means of providing scheduling data for the schedule and risk factors of a 1000 MW coal-fired power plant, the focus of this study. However, their construction was not performed by Korean contractors and available data are limited to the owner's perspective. To supplement these limitations, the authors also reached out to Korean "Company A" to collect data on 500 MW and 800 MW thermal power plants they constructed in Korea. These are outlined in Table 2 . From the above nine projects, the authors reached out to ten experts in the construction of 1000 MW coal-fired power plants. The experts were limited to those currently constructing a 1000 MW coal-fired thermal power plant, seven of ten having over ten years of experience. The contents of the question on construction duration were divided according to the three stages of construction: general information related to the construction industry, predicted construction durations, and investigation of the risk factors affecting the duration. Where necessary, follow up interviews were also performed to supplement and/or clarify survey findings [29] .
Research Methodology
For this study, the development of the 1000 MW schedule and related risk factors included the following research steps:
RS.1 Identify schedule activities: From case studies, the various process data of 1000 MW coal-fired power plant construction were analyzed, and a basic process model was derived. In assessing the schedules of the nine case studies, the authors identified 21 high-level activities that encompassed the entire construction process. These were used to calculate the project duration and are shown in Table 3 . (Table A1) . From the survey responses, optimistic and pessimistic durations are identified, as shown in the Appendix A (Tables A2 and A3 ). The optimistic estimate is the shortest expected duration to complete the task. The most likely estimate is the duration over which the task can be completed considering the availability of the given resources, its productivity, and realistic resources. Finally, the pessimistic estimate is the expected longest duration within which the task can be completed. This process is as dictated by the PERT estimation method [30] .
RS.3 Calculate three-point weighted average activity durations: Using the three points of activity duration identified above, the expected duration is calculated. This was calculated using Equation (1), as dictated by the PERT estimation method [30] .
where t e denotes the weighted average of expected activity durations (in months); t o denotes the optimistic activity duration (in months); t m denotes the most likely activity duration (in months); and t p denotes the pessimistic activity duration (in months).
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RS.5 Calculate schedule durations using PERT Method: Using the PERT method, a simulation was performed on the estimated working durations using the estimated activity duration and standard deviation. The statistical formula of the PERT method follows a beta distribution or a bell curve. The area under the distribution curve refers to the probabilities, which were calculated according to the range of the sample. The probability that the sample is distributed in the range ±1σ (standard deviation) is 68%, the probability that the sample is distributed in the range ±2σ is 95%, and the probability that the sample is distributed in the range ±3σ is 99%. The standard deviation is calculated using Equation (2) [30] .
where σ denotes the standard deviation (in months); t o denotes the optimistic activity duration (in months); and t p denotes the pessimistic activity duration (in months).
To calculate probabilities for the total project, the standard deviation for the entire project duration is required. The calculation uses all activities which fall within the critical path and is executed as shown in Equation (3) [30] .
where σ cp denotes the standard deviation of critical path (in months) and σ 1,2,3 . . . n denotes the standard deviation of activity 1, 2, 3 . . . n (in months). The weighted average expected activity durations obtained in Equation (1) are 50% of the actual mean value on the distribution curve, which means that the probability of completion of the task within the estimated work time by PERT is 50%. With the standard deviation of the critical path calculated, it is possible to estimate the duration through a normal distribution curve or a beta distribution curve in a stochastic manner. If the entire operation needs to be completed with a 98% completion probability, the estimated duration is calculated as Equation (5) . To increase the accuracy of the outputs to 98%, Equation (1) is increased by +2σ. Standard deviation is calculated as Equation (4) [30] .
where T cp denotes the 98% likelihood of expected activity duration of the critical path (in months); t p denotes the pessimistic activity duration (in months); and σ cp denotes the standard deviation of critical path (in months). RS.6 Simulate schedule durations: Using the @Risk Microsoft Excel Add-On, the authors performed a Monte Carlo simulation. The program uses a triangular distribution, as defined by the PERT estimation method [30] , assuming a 25%, 50%, and 25% chance of the optimistic, most likely, and pessimistic durations (RS.3) occurring, respectively. From these parameters, the project duration is calculated from the summation of critical activity durations 1000 times producing a curve of potential project durations. From this analysis, the activities that have the greatest impact on project schedule are also identified.
RS.7 Identify risk factors and influence: Finally, from the survey and interview results, risks and their impact, influence, and priorities were identified. The expert survey responders were asked to identify and list the probability (importance) and magnitude of impact (influence) risks potentially experienced during construction. To quantify the risks for comparison, the authors multiplied the probability by the rated impact, both scored from 0 to 1 [31] . This formula can be seen below in Equation (5) .
Risk Impact = Importance × In f luence
The associated scoring was then graphed onto an importance-influence matrix, as seen in Figure 1 , below, modified from the Project Management Body of Knowledge [21] As can be seen, if the importance of a risk and the influence on the project are both low, the risk is regarded as a low risk, and the opposite case will be a high risk. The vertical axis indicates the probability of occurrence (importance) and the horizontal axis represents the impact of the risk (influence) on the project. The intersection of possibilities and influences is calculated by multiplying the numerical values of the two criteria called the risk score. The score ranges are as follows: from 0.01 to 0.07 for Low Risk, from 0.09 to 0.35 for Moderate Risk, and from 0.45 to 0.81 for High Risk.
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Results
Using the three-point weighted average formula (Equation (1)) and the average optimistic, most likely, and pessimistic values in Tables A1-A3 , the estimated average expected durations (te) are calculated. The results are shown in Table 4 . These values are used as an input to schedule software to calculate the overall project duration and critical path and the PERT/CPM duration calculation, both shown below. 
Using the three-point weighted average formula (Equation (1)) and the average optimistic, most likely, and pessimistic values in Tables A1-A3 , the estimated average expected durations (t e ) are calculated. The results are shown in Table 4 . These values are used as an input to schedule software to calculate the overall project duration and critical path and the PERT/CPM duration calculation, both shown below. To estimate the schedule using the PERT/CPM method, it is necessary to calculate the critical path. The critical path is the activities which constitute the longest work path for project completion. The activity relations were based on survey responses. The activities and their relations were input into MS Project software, using the most likely durations. Figure 2 shows the MS Project output and critical path activities (bar chart durations shown in red).
The critical path using the most likely activity durations with a total of 0 float, is 65 months. This estimation has a probability of 50% on the PERT beta distribution curve, as stated above. Using the PERT method of duration estimation (Equations (3) and (4)), the duration with a 98% likelihood is 67.4 months. Table 5 shows the variables used to achieve this value. Using the @Risk Monte Carlo software (Microsoft Excel 2016), the authors simulated 1000 projects based on the software's value at risk assessment [32] . Figure 3 depicts the results of this simulation and depicts the minimum project duration of 62.6 months, maximum 70.7 months, and average 66.1 months. However, with this type of analysis, often the project duration range that is 85% likely is of interest. In observing Figure 3 , it is seen that that the shortest project is about 64 months (64.05) with 85% completion probability, and the longest process is about 68 months (68.3). This is to be expected given the duration ranges of executed projects shown in Table 1 .
The simulation software also calculates a sensitivity analysis, which depicts the activities which have the greatest influence on the duration on the construction project. The results are shown in Figures 4 and 5. As can be seen, the boiler pressure installation and trial operation have the greatest impacts on project schedule. Figure 4 depicts the range of impact the activity has on project durations and Figure 5 shows the correlation strength between the activity and overall duration. Using the @Risk Monte Carlo software (Microsoft Excel 2016), the authors simulated 1000 projects based on the software's value at risk assessment [32] . Figure 3 The simulation software also calculates a sensitivity analysis, which depicts the activities which have the greatest influence on the duration on the construction project. The results are shown in Figures 4 and 5. As can be seen, the boiler pressure installation and trial operation have the greatest impacts on project schedule. Figure 4 depicts the range of impact the activity has on project durations and Figure 5 shows the correlation strength between the activity and overall duration. The second research goal is to identify and quantify the potential risk factors existent in ultracritical coal-fired power plant construction. The associated scores for the risk factors based on the surveys can be seen in Table 6 . The second research goal is to identify and quantify the potential risk factors existent in ultracritical coal-fired power plant construction. The associated scores for the risk factors based on the surveys can be seen in Table 6 . Table 6 . Identified risk factor's priority as a function of importance and effect. The second research goal is to identify and quantify the potential risk factors existent in ultra-critical coal-fired power plant construction. The associated scores for the risk factors based on the surveys can be seen in Table 6 . The results in Table 6 are also shown graphically in Figure 6 . It can be seen that the risk caused by a labor strike and safety accidents are major factors affecting the construction duration. The results in Table 6 are also shown graphically in Figure 6 . It can be seen that the risk caused by a labor strike and safety accidents are major factors affecting the construction duration. 
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Discussion
In performing a PERT/CPM analysis on the collected duration data, this research uncovered the critical path construction activities of an ultra-critical power plant. The sensitivity analyses of the Monte Carlo analysis provided greater insight into the most impactful activities of the schedule. This information will aid project owner decision-makers in understanding areas of opportunity for accelerating the schedule, activity-level risk mitigation strategies, and resource (oversite) management. For example, knowing that the boiler pressure parts installation is on the critical path and the most impactful to project duration may result in project sponsors attempting to mitigate any boiler pressure material delays such as executing early work procurement packages.
The identified risk factors, and their priority, will aid project owner decision-makers in their development of their risk register, a best practice per the PMI. Table 6 displays a very basic, highlevel risk register. It provides owners an idea of where they should focus their energies and which risks are most important to mitigate or retire if possible. From the findings in Table 6 and Figure 6 , an ultra-critical power plant project owner has an idea of where they should invest. To mitigate safety accidents, the owner may choose to invest in safety improvement measures such as multiple qualified safety managers, require contractor to have robust safety program, require robust onsite safety training, etc. To mitigate labor strikes, the owner should ensure that laborers receive fair pay and work in a safe environment. Alternatively, the identified risks need to be considered when estimating 
The identified risk factors, and their priority, will aid project owner decision-makers in their development of their risk register, a best practice per the PMI. Table 6 displays a very basic, high-level risk register. It provides owners an idea of where they should focus their energies and which risks are most important to mitigate or retire if possible. From the findings in Table 6 and Figure 6 , an ultra-critical power plant project owner has an idea of where they should invest. To mitigate safety accidents, the owner may choose to invest in safety improvement measures such as multiple qualified safety managers, require contractor to have robust safety program, require robust onsite safety training, etc. To mitigate labor strikes, the owner should ensure that laborers receive fair pay and work in a safe environment. Alternatively, the identified risks need to be considered when estimating the construction cost (contingency) and duration (float) of an ultra-critical coal-fired power plant.
Conclusions and Limitations
Creating a 1000 MW ultra-critical coal-fired power plant's schedule early in the planning process is a challenging yet important task, supporting many early decisions. This challenge is compounded by the fact that there are very few ultra-critical coal-fired power plants worldwide, equating to only a handful of knowledgeable people and minimal supporting documents. To aid those in this position, both owners and contractors, an activity-level project schedule was estimated for an ultra-critical coal-fired power plant. Data were collected from nine operational power plants and ten subject matter experts. To obtain the optimal confidence level, uncertainty was introduced through the PERT/CPM analysis and the most impactful risk factors were identified.
Results show that project owners should expect the construction of a 1000 MW ultra-critical power plant in Korea to take between 64 and 68 months with boiler pressure parts installation and trial operation having the greatest impact on meeting the project schedule. Furthermore, owners should take measures to mitigate the most impactful risk factors, identified as labor strikes and safety incidents. The findings of the above are based on data collected within Korea. It is likely that the findings could be applied to ultra-critical power plants executed in countries with similar economic, legislative, and labor availability as Korea. Alternatively, the process shown above can be applied to any construction process worldwide with few modifications required.
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